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Somewhat more recently, cAMP signaling has been im-University of Washington
plicated in mammalian model systems such as long-Seattle, Washington 98195
term potentiation (LTP) of the parallel fiber±Purkinje cell²Department of Neuroscience
synapse in the cerebellum (Salin et al., 1996).Johns Hopkins University School of Medicine
It has been suggested that use-dependent modifica-Baltimore, Maryland 21205
tion of the strength of the parallel fiber±Purkinje cell
synapse in the cerebellar cortex is necessary for certain
forms of motor learning including adaptation of the ves-Summary
tibulo-ocular reflex and associative eyeblink condition-
ing (Ito, 1984; Thompson, 1986; Raymond et al., 1996;Activation of adenylyl cyclase and theconsequent pro-
but see LlinaÂ s et al., 1997). One cellular model systemduction of cAMP is a process that has been shown to
that has been proposed as a mechanism for such infor-be central to invertebrate model systems of informa-
mation storage is cerebellar long-term depression (LTD),tion storage. In the vertebrate brain, it has been sug-
in which coactivation of climbing fiber and parallel fibergested that a presynaptic cascade involving Ca influx,
inputs to a Purkinje cell induces a persistent, input-cAMP production, and subsequent activation of cAMP-
specific depression of the parallel fiber±Purkinje celldependent protein kinase is necessary for induction of
synapse (see Linden and Connor, 1995, for review). Thelong-term potentiation (LTP) at the cerebellar parallel
converse phenomenon, cerebellar LTP, has also beenfiber±Purkinje cell synapse. We have used mutantmice
described. In this protocol, the parallel fiber±Purkinjein which the major Ca-sensitive adenylyl cyclase iso-
cell synapse is strengthened by repetitive parallel fiberform of cerebellar cortex (type I) is deleted to show
stimulation at low (2±8 Hz) frequencies (Sakurai, 1987,that this results in an z65% reduction in cerebellar
1990; Hirano, 1990, 1991; Crepel and Jaillard, 1991; Shi-Ca-sensitive cyclase activity and a nearly complete
buki and Okada, 1992; Salin et al., 1996; Linden, 1997),blockade of cerebellar LTP assessed using granule
thus endowing this synapse with the important capacitycell±Purkinje cell pairs in culture. This blockade is not
of use-dependent bidirectional modification.accompanied by alterations in a number of basal elec-
Several converging lines of evidence have suggestedtrophysiological parameters and may be bypassed by
that the induction of cerebellar LTP requires presynapticapplication of an exogenous cAMP analog, suggesting
Ca influx. Neither application of glutamate receptor an-that it results specifically from deletion of the type I
tagonists during the tetanic stimulation (Salin et al.,adenylyl cyclase.
1996; Linden, 1997) nor loading of the Purkinje cell with
a Ca chelator (Sakurai, 1990; Shibuki and Okada, 1992;
Salin et al., 1996; Linden, 1997) is effective in blockingIntroduction
cerebellar LTD induction). However, LTP is blocked
when external Ca is removed during tetanic stimulation
Production of cAMP by the activation of adenylyl cy-
(Salin et al., 1996; Linden, 1997, 1998). One potential
clase has been suggested to be a central step in several
mechanism by which an increase in presynaptic Ca
model systems of neuronal information storage. Initially, could be linked to LTP expression is the activation of
these findings came from invertebrate model systems
a Ca-sensitive adenylate cyclase, and the consequent
such as Aplysia. Here, short-term facilitation of the gill-
activation of PKA. In support of this hypothesis, it has
withdrawal reflex is mediated by firing of a serotonergic
been shown that an LTP-like effect may be produced
interneuron and the consequent activation of a serotonin by the adenylyl cyclase activator forskolin, and that in-
receptor linked to adenylyl cyclase in the sensory neuron duction of cerebellar LTP may be blocked by an inhibitor
terminal of a sensorimotor synapse. The resultant acti- of PKA (Salin et al., 1996). Interestingly, a similar mecha-
vation of cAMP-dependent protein kinase (PKA) has nism has been proposed for LTP at the hippocampal
been suggested to contribute to several mechanisms mossy fiber±CA3 pyramidal cell synapse (Huang et al.,
that ultimately enhance transmitter release (see Byrne 1994; Weisskopf et al., 1994; Villacres et al., 1998; but
and Kandel, 1996, for review). In addition, adenylyl cy- see Johnston et al., 1992). However, direct demonstra-
clase activity has been implicated in short-term memory tion of a role for adenylyl cyclase in either cerebellar or
of associative olfactory conditioning in Drosophila, where hippocampal mossy fiber LTP has been hampered by a
the learning mutant rutabaga has been shown to have lack of potent and specific drugs. Both activators and
a defective form of a Ca/calmodulin-sensitive adenylyl inhibitors of adenylyl cyclases such as forskolin and SQ-
cyclase. Other Drosophila learning mutants have also 22536, respectively (Harris et al., 1979; Dixon and At-
been characterized that are related to cAMP production wood, 1989), have been seen to have side effects on
in either an upstream (amnesiac, a neuropeptide that voltage-gated K and Ca channels (Hoshi et al., 1988;
Zerr et al., 1996; D. J. L., unpublished data). In addition,
many of the drugs that have been used to inhibit PKA³To whom correspondence should be addressed.
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have side effects on cyclic nucleotide±gated ion chan-
nels (Kramer and Tibbs, 1996; Wei et al., 1997), which
have recently been shown to be functionally expressed
in a wide variety of brain regions, including cerebellar
cortex (El-Husseini et al., 1995; Kingston et al., 1996;
Bradley et al., 1997; Parent et al., 1998).
To address the role of adenylyl cyclase activity in
cerebellar LTP, we have used a homologous recombina-
tion knockout strategy. The only Ca-stimulated adenylyl
cyclases identified thus far in brain are types I and VIII
(AC1 and AC8), both of which are expressed in the cere-
bellar cortex (Xia et al., 1991; S. T. Wong, L. J. Muglia,
and D. R. S., unpublished data). AC1 is directly and
potently stimulated by Ca/calmodulin (Ca/CaM) as as-
sessed using both purified enzyme (Tang et al., 1991;
Choi et al., 1992b) and intact cells (Choi et al., 1992a;
Wu et al., 1995b) with half-maximal stimulation at 200
nM free Ca. Although AC8 is also stimulated by Ca/CaM
(Cali et al., 1994), its Ca sensitivity is approximately five
times lower than AC1 (Villacres et al., 1995). Although
neither AC1 nor AC8 is stimulated by Gs-coupled recep-
tor activation in intact cells (Nielsen et al., 1996), AC1
is synergistically stimulated by Ca and Gs-coupled re-
ceptors in vivo (Wayman et al., 1994). Thus, the tissue
distribution and regulatory properties of AC1 make it a
likely candidate to transduce presynaptic Ca flux into
increases in cAMP during the induction of cerebellar
LTP. To test the hypothesis that AC1 is necessary for
induction of cerebellar LTP, we have examined a number
of basal electrophysiological parameters as well as cer-
ebellar LTP in cultured granule cell±Purkinje cell pairs Figure 1. Ca-Stimulated Adenylyl Cyclase Activity in Cerebellar
derived from transgenic mice lacking AC1. In addition, Membranes and Cultured Cerebellar Neurons from Wild-Type and
AC1 Mutant Micewe have assessed several forms of motor coordination
(A) Ca-stimulated adenylylcyclase in cerebellar membranes isolatedin these mice to determine whether these abilities are
from wild-type and AC1 mutant was measured as described in theretained in the absence of AC1.
Experimental Procedures. Ca-sensitive adenylylcyclase assays car-
ried out in the presence of 2.4 mM CaM, 0.2 mM EGTA, and varying
levels of CaCl2. Ca stimulation was not observed when CaM wasResults not included in the assays.
(B) cAMP accumulation was measured in cerebellar neuronal cul-
The AC1 gene was disrupted in mice as previously de- tures in the presence of 2 mM CaCl2 as a function of the concentra-
tion of the ionophore A23187.scribed (Wu et al., 1995a). The original AC1 mutant mouse
strain, which was generated in a C57BL6/129JR2448 hy-
brid genetic background, wasback-bred into a 129JR2448
background through 12 generations. Control mice were On the basis of mRNA levels and adenylyl cyclase activ-
ity in the cerebellum of AC1 or AC8 mutant mice, weof the same 129JR2448 background. The mice were ana-
lyzed in a homogenous 129 background to avoid ambi- estimate that approximately 60% of the Ca-stimulated
adenylyl cyclase in rodent cerebellum is attributable toguities that might arise from polymorphism (Gerlai, 1996;
Banbury Conference on Genetic Background in Mice, AC1 and the remainder is AC8. Since Ca-stimulated
adenylyl cyclase activity was decreased 66% in the AC11997). To verify that Ca-sensitive adenylyl cyclase activ-
ity was decreased in the cerebellum of AC1 mutant mice, mutants, the loss of AC1 did not appear to result in
compensating increases in the net expression and/orcerebellar membranes from wild-type and AC1 mutant
mice were assayed for adenylyl cyclase activity (Figure activity of AC8 or other as-of-yet unidentified Ca-sensi-
tive adenylyl cyclases. Furthermore, Ca-stimulated ade-1A). Basal adenylyl cyclase activity in cerebellar mem-
branes from AC1 mutant mice was reduced 80% as nylyl cyclase activity was reduced approximately 40%
in cerebellar membranes from AC8 mutant mice (S. T.compared to wild-type mice. Ca-stimulated adenylyl cy-
clase activity, at 1 mM free Ca, was reduced 66% in AC1 Wong, L. J. Muglia, and D. R. S., unpublished data)
illustrating that disruption of either the AC1 or AC8 genemutant mice. Ca-stimulated adenylyl cyclase activity in
cultured cerebellar neurons assayed by cAMP accumula- does not lead to compensating increases in other Ca-
stimulated adenylyl cyclases. Consequently, interpreta-tion assays was reduced approximately 50% (Figure 1B).
The Ca sensitivity of the adenylyl cyclase in cerebellar tion of the electrophysiological and behavioral pheno-
types discussed below are not complicated by isozymemembranes from mutant mice was significantly less
than wild-type mice and was consistent with the Ca compensation. It can always be argued that there is
biochemical compensation in the mutant at some othersensitivity of the remaining AC8 (Villacres et al., 1995).
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Figure 2. Cell Layers in the Cerebellum Are
Not Disrupted in the AC1 Mutant Mouse
Coronal cerebellar sections (10 mm thick)
from an AC1 mutant mouse brain (A) and a
wild-type mouse brain (B) were stained with
cresyl violet and visualized with brightfield
light microscopy. (Gr) 5 granule cell layer;
(BS) 5 brainstem.
level, e.g., by reduction in phosphodiesterase activities. body layers of the cerebellum or hippocampus when
sections were examined at higher magnification (dataHowever, this form of compensation is unlikely to be
significant in the present case, as there was also a signif- not shown). When dispersed cultures were prepared
from the cerebella of embryonic AC1 mutant and wild-icant reduction when cultured cerebellar neurons were
assayed for cAMP accumulation in response to the Ca type mice, no apparent differences in cell morphology,
size, number, or ratio of cell types, degree or patternionophore, A23187, an assay which should give an ag-
gregate measure of cyclase and phosphodiesterase ac- of neurite outgrowth, or degree of clustering could be
observed at the level of light microscopy (data nottivities.
Rodents exhibit a developmental increase in basal shown).
Examination of a number of basal electrophysiologi-and Ca-stimulated adenylyl cyclase between P1 and
P14, which is due primarily to increased expression of cal parameters revealed no significant differences be-
tween AC1 mutant and wild-type granule and PurkinjeAC1. AC1 mRNA in the cerebellum increases 7-fold be-
tween P2 and P16, and the developmental increase in cells in culture (Table 1). These included Vm, Rinput,
mEPSC frequency and amplitude, as well as some pro-Ca-sensitive adenylyl cyclase is ablated in AC1 mutant
mice (Villacres et al., 1995). Therefore, the gross mor- cesses that have been shown to be important for the
induction of cerebellar LTP and LTD including voltage-phology of the cerebellum in mutant mice was examined
by cresyl violet staining to determine if cerebellar devel- gated Ca influx and Ca mobilization from internal stores
via group I mGluRs. While none of these measures wereopment was affected by ablation of the AC1 gene (Figure
2). Analysis by light microscopy of coronal sections significantly different for the present number of cells
sampled, there is a suggestion that basal mEPSC fre-stained with cresyl violet showed no detectable gross
anatomical differences in the cerebellum. There were quency recorded in Purkinje cells may be slightly re-
duced in theAC1 mutants (7.1 6 2.9 s21, n 5 6) comparedalso no apparent differences in the arrangement of cell
Table 1. Effects of AC1 Knockout on Some Basal Properties of Cerebellar Neurons in Culture
Purkinje Granule
Measure AC1KO 129 wt AC1KO 129 wt
Vm 272 6 5 mV (5) 269 6 6 (5) 275 6 4 (6) 277 6 5 (7)
Rinput 167 6 24 MV (5) 175 6 22 (5) 1195 6 211 (6) 1080 6 185 (7)
Resting Cai (2 mM Cao) 97 6 12 nM (7) 105 6 15 (6) 84 6 18 (7) 90 6 15 (8)
Depol-evoked Cai 452 6 51 nM (7) 469 6 58 (6) 586 6 70 (7) 514 6 56 (8)
Resting Cai (0 Cao) 26 6 8 nM (10) 25 6 7 (11) 30 6 7 (12) 34 6 7 (10)
Quis-evoked Cai 209 6 26 nM (10) 233 6 26 (11) ND ND
mEPSC frequency 7.1 6 2.9 s21 (6) 9.9 6 2.7 (6) ND ND
mEPSC amplitude 23 6 6 pA (6) 25 6 6 (6) ND ND
Paired-pulse facilitation 157 6 10% (8) 160 6 9% (8) ND ND
Values are mean 6 SEM. n is indicated in parentheses. All measures were made in tetrodotoxin-containing (0.5 mM) saline. Vm was measured
in a separate set of cells using a K-based internal saline. Rinput measurements were made using a Cs-based saline in the same Purkinje neurons
illustrated in Figure 4. Vm was determined by briefly switching the recording circuit to current clamp mode at t 5 27.5 min. Rinput was determined
by measuring the sustained current deflection during a voltage step from 280 to 290 mV at t 5 25 min. Fura-2 microfluorimetric measurements
of depolarization-evoked and metabotropic agonist±evoked Ca were conducted in cells separate from those of the LTP/LTD experiments.
Values are peak proximal dendritic Ca concentration for Purkinje neurons and peak somatic Ca for granule neurons. Depolarization-evoked
Cai was measured in cells that were incubated in normal (2 mM Ca-containing) external saline and stimulated with a 3 s depolarizing pulse
from 280 to 0 mV. Quisqualate-evoked Cai, a measure of group I mGluR function, was measured in cells that were incubated in 0 Ca/0.2
EGTA external saline and stimulated with a pressure pulse of 100 mM quisqualate (dissolved in 0 Ca/0.2 EGTA saline, 6 psi, 2 s). This pressure
pulse delivered agonist to the entire cell. Resting values were measured immediately before stimulation. Depolarization-evoked values were
measured as the peak during a 30 s measuring period following the onset of depolarization, and quisqualate-evoked values were measured
as the peak during a 120 s measuring period following the onset of the pressure pulse. mEPSC frequency and amplitude measurements were
made using the same cells shown in Figure 6. Paired-pulse facilitation was assessed using granule cell±Purkinje cell pairs stimulated at an
interval of 50 ms in tetrodotoxin-free saline. Mean EPSC amplitudes were derived by averaging 30 consecutive paired stimuli applied at 0.05
Hz and were then normalized to derive the % facilitation measure.
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from 3- to 5-week-old wild-type mice all of the Purkinje
cells sampled were innervated by a single climbing fiber
(n 5 12). In slices prepared from age-matched AC1 mu-
tant mice, 12/13 Purkinje cells examined were inner-
vated by a single climbing fiber,while one had two climb-
ing fiber inputs. No higher-order multiple climbing fiber
innervation was observed. Thus, climbing fiber innerva-
tion appears normal in 3- to 5-week-old AC1 mutant
mice.
To determine if cerebellar LTP was altered in AC1
mutant mice, this phenomenon was assessed using
granule cell±Purkinje cell pairs in culture (Linden, 1997).
Activation of a synaptically connected granule cell±
Purkinje cell pair at 0.1 Hz resulted in a mixture of evoked
currents and failures. Following acquisition of a baseline,
LTP was induced by applying 100 pulses at 4 Hz at the
test pulse stimulation strength and the resultant timeFigure 3. Normal (Mono) Climbing Fiber Innervation of PurkinjeCells
course was measured for 20 min (Figure 4). In culturesin AC1 Mutant Mice
derived from wild-type mice, induction of LTP was ac-To suppress complex spikes and thereby measure climbing fiber±
mediated EPSCs, Purkinje cells were voltage-clamped at potentials companied by a sustained decrease in the failure rate
that typically ranged between 230 mV and 240 mV. (40 6 8% at t 5 22.5 min prior to LTP induction, com-
(A) Example of a wild-type Purkinje cell (P29) innervated by a single pared with 17 6 7% at t 5 20 min, after LTP induction,
climbing fiber (holding potential: 235 mV). Scale bars 5 10 ms, n 5 8) and a sustained increase in the mean amplitude
250 pA.
of evoked EPSCs (102 6 11% of baseline at t 5 22.5(B) Top: Example of an AC1 mutant Purkinje cell (P30) innervated
min, compared with 167 6 18% at t 5 20 min). However,by a single climbing fiber (holding potential: 245 mV). Scale bars 5
in cultures derived from AC1 mutant mice, a transient10 ms, 1 nA.Bottom: Traces illustrating the only AC1 mutant Purkinje
cell (P24) that was found to be innervated by two climbing fibers potentiation was revealed that returned within 10 min
(holding potential: 230 mV). Scale bars 5 10 ms, 250 pA. to values only slightly greater than baseline. This was
(C) Summary histogram indicating the percentage of single and reflected in both failure rate (38 6 7% at t 5 22.5 min,
double climbing fiber innervation in wild-type (n 5 12 cells from 11 compared with 31 6 8% at t 5 20 min, n 5 7) and
mice) and AC1 mutant mice (n 5 13 from 10 mice).
mean evoked EPSC amplitude measures (102 6 13%
of baseline at t 5 22.5 min, compared with 114 6 12%
with wild-type mice (9.9 6 2.7 s21, n 5 6). Paired-pulse at t 5 20 min).
facilitation is a very short-term form of synaptic plastic- While this result suggests that disruption of AC1 func-
ity in which the second of two pulses delivered with a tion causes the attenuation of cerebellar LTP, it is possi-
short interval results in a larger synaptic response. It ble that compensatory changes in signaling downstream
has been suggested to result from a lingering intratermi- from cAMP production could underlie this phenomenon.
nal Ca transient (Zucker, 1996; but see Wang and Kelly, To address this possibility, mEPSCs were measured in
1997). Paired-pulse facilitation, measured in granule Purkinje cells following brief extracellular application of
cell±Purkinje cell pairs, was not altered in the AC1 mu- a membrane-permeant, phosphodiesterase-resistant
tant. analog of cAMP, Sp-8CPT-cAMP-S (Figure 5). In wild-
In the course of normal development, all but one of type cultures, this treatment resulted in a dramatic po-
the multiple climbing fibers innervating Purkinje cells in tentiation of mEPSC frequency that persisted for the
immature mice are eliminated. Several naturally oc- duration of the recording (683 6 97% of baseline at t 5
curring and induced mutant mice that affect cerebellar 40 min, n 5 6) and was not associated with a significant
function have been shown to have a defect in this normal alteration of mEPSC amplitude (95 6 10% of baseline
developmental process whereby Purkinje cells remain at t 5 40 min). The potentiation of mEPSC frequency
innervated by multiple climbing fibers into adulthood was completely abolished by pretreatment with KT5720
(see Chen and Tonegawa, 1997; De Zeeuw et al., 1998, (10 mM), an inhibitor of cAMP-dependent protein kinase
for discussion). As such, we wished to determine (103 6 9% of baseline at t 5 40 min, n 5 6). This finding
whether the deletion of AC1 influenced this synaptic is consistent with a previous report that the amplitude
elimination process. Using the whole-cell patch-clamp of the parallel fiber±Purkinje cell field EPSP measured
technique, EPSCs evoked by climbing fiber stimulation in cerebellar slices can be persistently potentiated by a
were recorded from Purkinje cells in sagittal slices of brief application of exogenous forskolin, an adenylyl
the cerebellar vermis obtained from 3- to 5-week-old cyclase activator (Salin et al., 1996). In addition, it pro-
AC1 mutant and wild-type mice. To determine the num- vides an electrophysiological assay for the integrity of
ber of climbing fibers innervating a particular Purkinje downstream synaptic effectors of cAMP. In this vein, it
cell, climbing fiber±mediated EPSCs were evoked by issignificant that thecAMP analog±induced potentiation
applying stimuli of increasing intensity to the underlying of mEPSC frequency in cultures derived from AC1 mu-
white matter/granule cell layer. Under voltage-clamp tant mice was not attenuated (754 6 92% of baseline
conditions, the climbing fiber responses preserve their at t 5 40 min, n 5 6), indicating that synaptic effectors
typical all-or-none characteristics, and thus, the number of cAMP are intact in this system.
of discrete EPSC steps in response to increasing stimu- While cerebellar LTP and LTD coexist at the parallel
lation strength can be used to indicate the number of fiber±Purkinje cell synapse, both in vivo and in cell cul-
ture, their induction and expression mechanisms areclimbing fiber afferents (Figure 3). In slices prepared
Cerebellar LTP in AC1 Mutant Mice
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Figure 4. Cerebellar LTP in Granule Cell±Purkinje Cell Pairs Is Attenuated in Cultures Derived from AC1 Mutant Mice
(A) Cerebellar LTP induction in cell pairs derived from wild-type mice was associated with a sustained decrease in the rate of synaptic failures
and increase in the mean evoked EPSC. LTP was induced by 4 Hz 3 100 pulse stimulation (indicated by horizontal bar at t 5 0). Each point
represents the mean 6 SEM of 8 cell pairs. The datum for each cell pair was derived from the average of the individual responses in the 2.5
min recording period prior to the time point indicated. The EPSC amplitude measure was normalized relative to the t 5 0 min time point.
(B) Cerebellar LTP induction in cell pairs derived from AC1 mutant mice is associated with a large transient decrease in the rate of synaptic
failures and increase in the mean evoked EPSC. n 5 7 cell pairs.
(C) Representative current traces evoked by 5 consecutive stimuli 2 min before (top) and 16 min after (bottom) induction of LTP in a single
wild-type granule cell±Purkinje cell pair. Scale bars 5 25 pA, 5 ms for both (C) and (D).
(D) Representative current traces evoked by 5 consecutive stimuli 2 min before (top) and 18 min after (bottom) induction of LTP in a single
AC1 mutant cell pair.
likely to be almost completely distinct (Narasimhan and and the response to further test pulses of glutamate
was monitored for an additional 55 min (Linden et al.,Linden, 1996; Salin et al., 1996; Linden, 1997). Cerebellar
LTD induction requires activation of postsynaptic mGluR1, 1991). Purkinje cells derived from both AC1 mutant and
wild-type mice showed robust, sustained LTD of similarAMPA receptors, voltage-gated Ca influx, and PKC in
the Purkinje cell, and it is expressed as a decrease in time course and amplitude (wild type: 46 6 7% of base-
line at t 5 55 min, n 5 5; AC1 mutant: 50 6 9% ofthe postsynaptic sensitivity to AMPA (see Linden, 1996,
for review). In contrast, cerebellar LTP induction may baseline at t 5 55 min, n 5 5), indicating that this plastic-
ity mechanism is unaffected by disruption of the AC1require presynaptic Ca influx, recruiting an adenylyl cy-
clase/cAMP/cAMP±dependent protein kinase cascade gene (Figure 6).
Because many knockout mice affecting proteins ex-leading to expression mediated by an increase in trans-
mitter release from the terminal of the granule cell axon. pressed in the cerebellum show motor coordination de-
fects, this parameter was assessed in wild-type andAs such, the integrity of cerebellar LTD serves as a good
control for nonspecific, compensatoryeffects of theAC1 AC1 mutant mice. Wild-type and AC1 mutant mice
showed no obvious differences in gait or walking speed.deletion upon the Purkinje cell. Following establishment
of a baseline response to test pulses of glutamate, LTD The AC1 mutant mice were able to walk a straight line,
and the spacing between steps was similar to wild-typewas induced by glutamate/depolarization conjunction
Neuron
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Figure 5. Potentiation of mEPSC Frequency by a cAMP Analog in
Figure 6. Cerebellar LTD Induced by Glutamate/DepolarizationPurkinje Cells Derived from AC1 Mutant Mice
Conjunction Is Present in Cultured Purkinje Cells Derived from AC1
mEPSCs were measured using an external saline supplemented Mutant Mice
with 0.5 mM tetrodotoxin to suppress action potential generation.
Recordings were made using an external saline supplemented withCounts were made using 2.5 min bins and were normalized relative
0.5 mM tetrodotoxin to suppress synaptic currents evoked by spon-to t 5 0 min. The membrane-permeant, phosphodiesterase-resistant
taneous action potentials. Following establishment of a baselinecAMP analog Sp-8CPT-cAMP-S (10 mM) was added to the bath at
response to test pulses of glutamate (40±110 ms long, applied att 5 0±5 min as indicated by the horizontal bar. Where indicated,
0.05 Hz), LTD was induced by glutamate/depolarization conjunctionKT5720 (10 mM), an inhibitor of cAMP-dependent protein kinase,
applied at t 5 0 min (6 conjunctive stimuli each consisting of a 3 swas added to the bath of wild-type cultures at t 5 220 min and
long depolarization from 280 mV to 0 mV, together with a test pulsewas present throughout the experiment. n 5 6 cells/group.
of glutamate, indicated by horizontal bar at t 5 0 min). n 5 5 cells/
group. The inset shows representative glutamate-evoked currents
from single Purkinje cells at the times indicated. Scale bars 5 100mice when examined by the ink blot test (Figure 7A).
pA, 2 s.Mutant and wild-type mice also showed comparable
levels of spontaneous activity in an open field test (Fig-
ure 7B). To determine if the mutant mice were able to
rpm (Figure 8A), and rod acceleration from 10 to 18 rpmperform and learn more complicated motor behaviors,
over a 2 min period (Figure 8B). The AC1 mutant miceAC1 mutant and wild-type mice were analyzed for motor
have a significant performance deficit that is evident incoordination using the coat hanger, beam walk, and
the first trial in both constant velocity and acceleratingrotorod tests. In the coat hanger test, the animal is
conditions. While both wild-type and AC1 mutant ani-placed hanging by its front paws in the middle of a coat
mals were able to improve their performance with re-hanger suspended parallel to the bench top. The time
peated trials, there were aspects of this improvementthat it takes for the front or back paws of the mouse
that were different. The wild-type mice showed contin-to reach the vertical side bar is a measure of motor
ual improvement, reaching asymptotic performance atcoordination and balance (Lalonde et al., 1992). AC1
about trial 10±12. The AC1 mutant mice showed no im-mutant and wild-type mice performed equally in this test
provement during the first four trials, but were able to(Figure 7C).
improve their performance thereafter. However, their as-The beam walk test, in which a mouse learns to cross
ymptotic performance was significantly below that of thea narrow wooden beam, measures both motor coor-
wild types. In contrast, AC8 mutant mice show normaldination and a form of motor learning. Initial perform-
performance in these rotorod tasks (S. T. Wong andance, as measured by the time required to cross the
D. R. S., unpublished data).beam, was indistinguishable between the two groups
(Figure 7D). Furthermore, both AC1 mutant and wild-
type mice improved their performance with repeated Discussion
trials. Both the rate and final extent of learning were
unaltered by the AC1 deletion. The wooden beam test The main finding of this study is that induction of cere-
bellar LTP is nearly completely blocked in granule cell±is similar to the coat hanger test in that the animal must
maintain balance on a horizontally aligned beam. Collec- Purkinje cell pairs derived from AC1 mutant mice. It is
likely that the deletion of the AC1 gene is directly relatedtively, the coat hanger and beam walk tests indicate
that equilibrium balance in the horizontal plane is com- to the blockade of cerebellar LTP for the following rea-
sons. First, Ca-stimulated adenylyl cyclase activity inparable in AC1 mutant and wild-type mice.
The rotorod test measures the ability of an animal to the cerebellum of AC1 mutant mice is 66% lower than
wild-type mice, indicating that there areno net increasesmaintain balance by coordinating the movement of all
four feet and making the necessary postural adjust- in the expression and/or activity of other adenylyl cy-
clases to effectively compensate for the loss of AC1.ments. It also measures the animal's ability to improve
on these skills with practice (Figure 8). Mutant and wild- Second, the gross morphology and climbing fiber in-
nervation in the cerebella of AC1 mutant mice weretype mice were examined for rotorod performance using
two test protocols, rod rotation at a constant rate of 10 indistinguishable from wild types. Third, a large number
Cerebellar LTP in AC1 Mutant Mice
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Figure 7. AC1 Mutant Mice Show Normal
Performance in Several Tests of Motor Coor-
dination
Wild-type and AC1 mutant mice were ana-
lyzed for gait using the ink blot test (A), as
well as open field activity (B). Basal motor
coordination was normal as assessed using
coat hanger (C) and beam walking (D) tests
as described in Experimental Procedures.
Learning of the beam walking test with re-
peated trials was also normal in the AC1 mu-
tant. Mice were 8±12 weeks old at the time
of testing. n 5 8/group. Error bars indicate
the standard deviation.
of basal electrophysiological measures made from both PKA could conceivably exert its effect either locally,
in the presynaptic terminal, or at other sites throughgranule and Purkinje cells were also unaffected by dis-
ruption of the AC1 gene. These included Vm, Rinput, depo- activation of cascades linked to a diffusable messenger.
However, several findings have been proposed in sup-larization- and mGluR-evoked Ca transients, mEPSC
frequency, mEPSC amplitude, and paired-pulse facilita- port of the hypothesis that the locus of cerebellar LTP
expression is presynaptic. Cerebellar LTP expression istion of the granule cell±Purkinje cell synapse. Fourth,
application of an exogenous cAMP analog was capable associated with a decrease in the rate of synaptic fail-
ures when measured in granule cell±Purkinje cell pairsof producing an LTP-like effect in both AC1 mutant and
wild-type cultures, suggesting that steps downstream (Hirano, 1991; Linden, 1997). In addition, it is associated
with a decrease in paired-pulse facilitation (Salin et al.,from cAMP production remained intact in the former.
Fifth, cerebellar LTD,which utilizes a largely nonoverlap- 1996; Linden, 1998). Perhaps the most convincing evi-
dence for a presynaptic locus of expression comes fromping set of signaling systems, was unaffected in the AC1
mutant. A secondary finding of this study was that while work in cell culture that takes advantage of the fact
that the rapid inward current produced in glial cells byseveral measures of motor coordination were unaltered
in AC1 mutant mice, rotorod performance was impaired. activation of adjacent granule cells is z90% mediated
by activation of AMPA/kainate receptors and z10% byThe electrophysiological findings herein are consis-
tent with a previously proposed model for hippocampal electrogenic glutamate reuptake. Stimulation of the
granule neuron can give rise to LTP of either the totalmossy fiber-CA3 (Weisskopf et al., 1994; Huang et al.,
1994; Villacres et al., 1998) and cerebellar (Salin et al., glial synaptic current (Linden, 1997) or the pharamaco-
logically isolated glial reuptake current (Linden, 1998).1996) LTP induction. In this model, Ca influx through
presynaptic voltage-gated channels activates a Ca/ LTP recorded using either of these detector currents
has properties indistinguishable from those of granuleCaM-sensitive adenylyl cyclase, resulting in production
of cAMP, activation of PKA, and the consequent phos- neuron±Purkinje neuron LTP as seen herein. Therefore,
the site of the adenylyl cyclase and PKA action thatphorylation of proteins that control synaptic strength.
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is particularly appealing because the synaptic vesicle
protein Rab3A, whichis an effector for the PKA substrate
rabphilin 3, is essential for hippocampal mossy fiber
LTP (Castillo et al., 1997).
We have confirmedand extended this model by show-
ing that, in the case of cerebellar LTP, AC1is an essential
mediator that functions to couple Ca influx to cAMP
production. The localization and regulatory properties
of AC1 are ideally suited for this role. AC1 is the major
adenylyl cyclase expressed in the cerebellum and ac-
counts for approximately 80% of basal and 60% of Ca-
stimulated adenylyl cyclase activity. Most importantly,
AC1 is extremely sensitive to increases in Ca, with half-
maximal stimulation achieved by 200 nM free Ca (Vil-
lacres et al., 1995).
A recent report (Villacres et al., 1998) has examined
hippocampal LTP at the hippocampal mossy fiber±CA3
synapse and Schaffer collateral±CA1 synapses in slices
prepared from AC1 mutant mice. Like thepresent report,
hippocampal tissues showed a significant reduction in
Ca-stimulated adenylyl cyclase activity (z50%), and no
disruption in the gross morphology of cell layers or fiber
tracts. LTP of the perforant path-dentate gyrus and the
early phase of LTP at the Schaffer collateral±CA1 syn-
apses was indistinguishable from wild-type controls.
However, LTP at the mossy fiber±CA3 synapse was sig-
nificantly reduced in amplitude. Taken together with the
present results, these findings support a model in which
LTP of thehippocampal mossy fiber±CA3 and cerebellar
parallel fiber Purkinje cell are mediated by a similar pre-
synaptic cAMP cascade.
cAMP signaling has also been implicated in the lateFigure 8. AC1 Mutant Mice Show Impaired Performance in Rotorod
phase of certain forms of LTP. At the hippocampalTests
Schaffer collateral/commissural±CA1 synapse, a cAMPWild-type and AC1 mutant mice were placed on the rotorod, and
analog, Sp-cAMP-S, produced a slowly-developing LTP-the time each mouse remained on the rod while it was rotating at
a constant velocity of 10 rpm (A) or in the accelerating mode (B) like effect that was dependent upon protein synthesis,
was measured. Mice were 8±12 weeks old at the time of testing. while the PKA inhibitors Rp-cAMP-S (Frey et al., 1993)
n 5 12/group. Error bars indicate the standard deviation. and KT5720 (Matthies and Reymann, 1993) attenuated
the late phase of LTP produced by repeated high-fre-
quency stimulation. Similarly, a late phase of mossy
produces LTP is almost certainly presynaptic. The mech- fiber±CA3 LTP produced by repeated tetanization also
anism(s) responsible for PKA enhancement of neuro- appears to require cAMP elevation (Huang et al., 1994).
transmitter release have not been elucidated but may cAMP production may also be stimulated by a number
involve direct phosphorylation of proteins of the secre- of extrinsic modulatory projections to the hippocampus
tory machinery. Treatment of cultured cerebellar granule including those acting through b-adrenergic receptors
cells with forskolin or cAMP analogs results in an in- (Hopkins and Johnston, 1984; Huang and Kandel, 1996;
crease in presynaptic vesicular cycling as detected Thomas et al., 1996) and D1/D5 dopamine receptors
using an immunocytochemical technique (Chavis et al., (Huang and Kandel, 1995; Otmakhova and Lisman, 1996),
1998). Trudeau et al. (1996) have shown that forskolin or the activation of which has also been suggested to facili-
cAMP analogs do not affect resting Ca levels in cultured tate LTP induction and/or maintenance. Although AC1
hippocampal neurons, and these drugs can potentiate is not stimulated by activation of Gs-coupled receptors
transmitter release evoked directly by ruthenium red. alone in intact cells, it is synergistically stimulated by
More recently, Chen and Regehr (1991) have shown that combinations of Ca and receptor activation (Wayman
forskolin-induced potentiation of the parallel fiber±Pur- et al., 1994). This could allow for coincidence detection
kinje cells EPSC is not associated with alterations in and synergistic modulation of synaptic plasticity by ex-
intraterminal resting Ca, evoked Ca influx, or changes trinsic, modulatory inputs.
in the presynaptic fiber volley, but is associated with an The present results indicate that the elimination of
increase in mEPSC frequency. Taken together, these multiple climbing fiber innervation of Purkinje cells from
studies suggest that the effect of increasing intratermi- AC1 mutant mice is almost complete, similar to age-
nal cAMP on the probability of release can becompletely matched (P21±35) wild-type controls. Whereas all 12
accounted for by changes in the secretory machinery. analyzed wild-type Purkinje cells were innervated by
The hypothesis that PKA activation exerts its effects one climbing fiber, only one out of 13 Purkinje cells from
AC1 mutant mice was innervated by 2 climbing fibers.on release through alteration of secretory machinery
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Occasional innervation by 2 climbing fibers, as seen (in much the same way that a three-legged mouse might
be expected to learn slowly, improve, but ultimately per-here, has previously been described for different wild-
type mouse strains (Kano et al., 1995; De Zeeuw et form suboptimally in this task). Alternatively, it should
be considered that ªinitialº performance in a rotorodal., 1998). Thus, it seems that deletion of AC1 and the
consequent attenuation of cerebellar LTP does not af- task is only initial with respect to this training session.
The defect in initial performance could, at least in part,fect the climbing fiber synapse elimination process.
There are some important caveats and limitations that represent a learning deficit for motor experience prior
to the first rotorod trial (see Mauk et al., 1998, for discus-should be applied to the present electrophysiological
findings. First, the Ca imaging in granule cells performed sion of this issue).
An equally complicated question is whether the ro-herein measures influx into the somatic compartment,
not the presynaptic terminals, which are the presumed torod defect can be attributed to the attenuation of cere-
bellar LTP. While no other electrophysiological or mor-locus of cerebellar LTP induction. Thus, an effect of the
AC1 mutation on intraterminal Ca signaling cannot be phological phenotype was detected in this study, it is
clear that the search was not exhaustive. It is very possi-ruled out. Second, while Ca-sensitive adenylyl cyclase
activity and cAMP accumulation (an aggregate measure ble that the rotorod defect is attributable to subtle cere-
bellar synaptic alterations that would only be detectedof cAMP production and degradation by phosphodies-
terase) were reduced, it is possible that these are not with electron microscopy or recording in vivo. It is also
possible that the rotorod defect is a result of a noncere-the only biochemical factors that contribute to the elec-
trophysiological and behavioral phenotype. Alterations bellar dysfunction (basal ganglia and motor cortex are
possibilities). The cerebellar mutant mouse that mostin the potential effectors of cAMP such as cAMP-depen-
dent protein kinase or cyclic nucleotide±gated ion chan- closely approximates the AC1 mutant phenotype is the
mGluR4 knockout. Like the AC1 mutant, the mGluR4nels were not directly assessed. Third, while mEPSC
frequency (Figure 5) is an index of some of the processes knockout is not obviously ataxic, has a defect in rotorod
performance, and has normal cerebellar LTD (Pekhletskithat determine the probability of evoked release at these
synapses, it is not a complete measure. It is possible et al., 1996). Unlike the AC1 mutant, the mGluR4 knock-
out has a suppression of paired-pulse facilitation atthat processes such as Ca influx into the terminal and
the coupling of this influx to the initiation of release the parallel fiber±Purkinje cell synapse. At present, our
working hypothesis is that the rotorod defect in the AC1could be differentially modulated by cAMP in the AC1
mutant as compared with wild-type granule cell termi- knockout is unrelated to the attenuation of cerebellar
LTP.nals. Fourth, the observation herein that LTD induced
by glutamate/depolarization conjunction was not af- The present results indicate that there are at least
some forms of motor coordination and motor learningfected in the AC1 mutant does not address the possibil-
ity that LTD induced by synaptic stimulation might be (nonrotorod tasks) that do not require robust cerebellar
LTP. It will be instructive to expand these observationsaffected and thereby influence the behavioral pheno-
type. In spite of these caveats, the main finding of this in several ways. It is possible that cerebellar LTP is
necessary for these behaviors but that the small amountstudy is clear. Activation of the Ca/CaM-sensitive en-
zyme AC1 is central to the induction of cerebellar LTP, of residual cerebellar LTP present in the AC1 mutant is
sufficient for their survival. Behavioral and electrophysi-and as such represents a bridge between well-charac-
terized mammalian and invertebrate model systems of ological assessment of AC1/AC8 double mutants may
be useful in this regard. In addition, it will be instructiveneuronal information storage.
Although the majority of cerebellar adenylyl cyclase to examine vestibulo-ocular reflex adaptation and asso-
ciative eyeblink conditioning, two model systems thatactivity was ablated and LTP was abolished, the AC1
mutant mice still walk normally and negotiate the beam have been suggested to require long-term use-depen-
dent modification of the parallel fiber±Purkinje cell syn-and wire hanger tests as well as wild-type mice. Further-
more, the AC1 mutant mice swim at the same rate as apse. In particular, the phenomenon of extinction of
eyeblink conditioning, in which the application of thewild-type mice and learn the visible and hidden platform
tests of the Morris water maze as well as wild-type mice conditioned stimulus (tone) alone towell-trained animals
results in a rapid suppression of conditioned responses(Wu et al., 1995a). Clearly, AC1 is not required for all
forms of motor coordination and learning. Only when (timed blinks) is a good candidate for a learning task
challenged with the rotorod did the mutant mouse show that might require cerebellar LTP (Perrett and Mauk,
a defect in motor coordination. The defect in rotorod 1995).
performance takes the form of a significant decrease
in initial performance, an alteration in the trajectory of
Experimental Procedures
learning, and a decrease in the level of asymptotic
performance as compared with wild-type controls. Un- AC1 Mutant Mice
fortunately, it is not possible to analyze this complex AC1 mutant mice were generated using a 129JR2448 ES cell line
as described previously (Wu et al., 1995a) and originally producedphenotype in terms of motor coordination versus motor
in a C57BL6/129JR2448 hybrid background. These animals werelearning. One possibility is that a defect in motor coordi-
then bred back into the original129JR2448 background for 12 gener-nation alone underlies this behavior. For example, in
ations to analyze the null mutation in a uniform genetic background.
initial trials the AC1 mutant may not have been able to All mice were kept in group cages on a 12 hr light-dark cycle, with
stay on the rod long enough to get much practice time. food and water available at all times. Behavioral tests experiments
Thus, it is possible that in the AC1 mutant mouse a were run during the light cycle. Cerebellar membranes were isolated
from 8-week-old mice, and Ca-sensitive adenylyl cyclase assaysperformance defect is simply masking normal learning
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were carried out in the presence of 2.4 mM CaM, 0.2 mM EGTA, rotorod performance. Behavioral experiments were carried out dou-
ble blind, and there were no physical markings that readily distin-and varying levels of CaCl2 as described (Wu et al., 1995b). Free Ca
was determined using fura-2 fluorescence (Olwin and Storm, 1985). guished the mutant and wild-type mice. Gait analysis was carried
out by placing mice on white filter paper to record their foot stepscAMP accumulation assays in cultured cerebellar neurons were
carried out as previously described (Reddy et al., 1995). Histochemi- while walking, after marking their feet with ink. General activity was
examined by placing the mice in an enclosed, circular containercal analysis was carried out by perfusion of mouse brains with 2%
paraformaldehyde in PBS buffer under anesthesia, and the brains (diameter 5 15 in) containing a 1 in grid on the floor. The number
of squares crossed in 3 min by the wild-type and AC1 mutant micewere postfixed for 8 hr. Coronal sections were cut at 10 mM on a
sliding microtome and were stained with cresyl violet. was recorded. In the coat hanger test, mice were suspended by
their front feet in the middle of the horizontal wire of a triangular
coat hanger (length, 40 cm; diameter, 2 mm) 30 cm above the benchCell Culture and Electrophysiology
top. The latency before the front or back paws of each mouseMouse cerebellar cultures were prepared and maintained according
touched one of the side bars was recorded.to the method of Schilling et al. (1991). Cultures were maintained
In the beam test, a wooden beam 1 cm wide and 60 cm long wasin vitro for 9±16 days at the time of use in electrophysiological
suspended 30 cm above a bench top. Mice were given three trainingexperiments. Cells were bathed in a solution that contained NaCl
trials on the beam the day before the actual test. During the training(140 mM), KCl (5 mM), CaCl2 (2 mM), MgCl2 (1 mM), HEPES (10 mM),
trials, each mousewas allowed to explore the beamfor 5 min. Duringglucose (10 mM), and picrotoxin (0.02 mM), adjusted to pH 7.35
the actual test, mice were placed on one end of the beam and thewith NaOH. The flow rate was 0.5 ml/min. Where indicated in the
time to walk across the beam was recorded. Each trial was termi-text, tetrodotoxin was added at a concentration of 0.5 mM. The
nated after 60 s. If a mouse fell off the beam or did not cover therecording electrode contained CsCl (120 mM), HEPES (10 mM), and
distance, the trial was scored as 60 s. There was no difference inCs4-BAPTA (10 mM) adjusted to pH 7.35 with CsOH. In experiments
the number of falls between the two groups. A total of six trials werewith combined patch clamp and fura-2 imaging, the Cs4-BAPTA was
carried out to determine if beam performance improved with thereplaced with 200 mM fura-2, K5-salt (Molecular Probes, Eugene,
number of exposures to the task.OR), and the concentration of CsCl was increased to z145 mM
The rotorod (Ugo Basile Biological Research, Milan, Italy) con-to maintain osmolarity. In LTD experiments (Figure 6), to prevent
sisted of a ridged plastic rod (6 cm diameter, 10 cm long) dividedblockade of LTD induction by high concentrations of BAPTA, the
by plastic circular plates (42 cm diameter) placed every 8 cm tointernal saline contained CsCl (135 mM), HEPES (10 mM), EGTA (1
prevent the mice from escaping. The height from the top of the rodmM), Na2-ATP (4 mM), and Na-GTP (0.4 mM), adjusted to pH 7.35
to the platform was 14 cm. Mice were placed on the rod for 15 swith CsOH. Patch electrodes were pulled from N51A glass and
before the machine was turned on with the head of the mousepolished to yield a resistance of 3±5 MV when measured with the
against the direction of rotation. The mice were examined at con-internal and external salines described above. They were attached
stant velocity (10 rpm) or with accelerating rotation (10±18 rpmto Purkinje cell somata and were used to apply a holding potential
change during 2 min). The mice were allowed to stay on the rodof 280 mV. For stimulation of granule cells, slightly smaller elec-
until they fell off the rod. In each case, a total of 16 trials were runtrodes (5±8 MV) were fabricated. These electrodes were weakly
over 2 days.attached to granule cell somata with slight negative pressure and
were driven by a constant voltage stimulus isolator to evoke an
action potential in the granule cell (0.1±0.2 ms, 10±80 V). Membrane
Acknowledgmentscurrents were recorded with an Axopatch 200A amplifier in resistive
voltage-clamp mode. Evoked currents were filtered at 2 kHz and
Thanks to D. Gurfel who provided skillful technical assistance anddigitized at 5 kHz using an Instrutech ITC-16 interface and Axodata
to C. Aizenman,K. Narasimhan, andK. Takahashi for helpful sugges-software (Axon Instruments). mEPSCs were filtered at 5 kHz and
tions. This work was supported by grant number MH51106 fromdigitized at 10 kHz. Ratio imaging of intracellular free Ca was accom-
the United States Public Health Service (USPHS), the McKnightplished by fura-2 microfluorimetry using a cooled CCD camera sys-
Foundation, the Develbiss Fund, and the National Alliance for Re-tem as previously described (Linden, 1997). Experiments were con-
search on Schizophrenia and Depression (D. J. L.); grant numberducted at room temperature. All drugs were applied by switching
NS20498 from the USPHS (D. R. S.), a fellowship from the Fond dethe bath solution to one containing the drug at a point upstream
Recherche en SanteÂ de QueÂbec (A. P.), and fellowships from thefrom the bath chamber. Quisqualate was obtained from Tocris (Ball-
Keck Neurobiology Center and the Washington Heart Associationwin, MO), Sp-8CPT-cAMP-S from BioLog (La Jolla, CA), tetrodotoxin
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